Abstract: A large amount of soil was contaminated by radioactive cesium due to the accident at the Fukushima Daiichi Nuclear Power Plant in Japan in 2011. The adsorption behavior of cesium ions (Cs + ) is strongly influenced by numerous factors, including the components, structure and weathering conditions of natural soil. The adsorption and ion exchange characteristics of Cs + ions onto and from natural Japanese rocks with well-known components were studied. Cs + adsorption onto volcanic rocks (0.9-5.3 mg/g) occurred more easily than that onto plutonic rocks (0.7-0.8 mg/g) due to differences in crystallinity. In addition, the adsorption quantity of cesium increased with increasing lattice water content and content of ion-exchangeable cations in the rock samples. The cesium adsorption ability of rock was inhibited by seawater and coexisting ions in the solution. Cesium adsorption quantities onto andosol, containing the corrosion products, increased approximately 2.7-fold with increasing pH from neutral to basic. Cesium desorption differed depending on the type of salt used, and the desorption rates were highest with ammonium salts. Cs + desorption from regions such as the soil interlayer and the pores were inhibited by melting of the rock surface.
Introduction
The accident at the Fukushima Daiichi Nuclear Power Plant, which occurred as a consequence of the Great East Japan Earthquake on March 11, 2011 , resulted in widespread contamination with radioactive materials [1] [2] [3] . A large amount of soil was contaminated by this accident. However, efficient and practical remediation of contamination caused by radioactive substances is difficult. Several reports have examined cesium adsorption/desorption onto zeolite, bentonite, and mica [4] [5] [6] [7] [8] [9] [10] [11] [12] . The adsorption processes of exchangeable cations on the adsorption site of their minerals are different. For example, cesium ions (Cs + ) are adsorbed in the interlayer of lamellar minerals and in the pores of zeolite [8, 11, 12] . However, the mechanism by which Cs + adsorb onto and desorb from all minerals on the earth has not been fully elucidated. Natural soil is mixed with various kinds of rock [1, 4, 13] . Additionally, weathering processes, such as erosion, cause structural and chemical changes in natural minerals. The radioactive materials from the Fukushima Daiichi Nuclear Power Plant have been incorporated into clay minerals-such as mica-in the natural soil in the surrounding environment. Cs + ions are known to adsorb strongly onto the natural soil, such as biotite [7, 14, 15] . In particular, the half-time of Cs-137 is about 30 years [7, 10] . Therefore, quick response to soil contamination is necessary.
Since the adsorption and desorption of Cs + ions onto and from natural soil are strongly influenced by several factors, including the components, structure, and weathering conditions of the soil, the behavior on Cs in an actual environment has not yet been determined. The clear elucidation of the Since the adsorption and desorption of Cs + ions onto and from natural soil are strongly influenced by several factors, including the components, structure, and weathering conditions of the soil, the behavior on Cs in an actual environment has not yet been determined. The clear elucidation of the cesium adsorption and desorption mechanism is necessary. Therefore, in this study, the adsorption and ion exchange characteristics of Cs + ions onto and from natural Japanese rocks with well-known components were studied.
Materials and Methods

Natural Japanese Rocks
Natural Japanese rocks were obtained from the Geological Survey of Japan in National Institute of Advanced Industrial Science and Technology (AIST). These natural Japanese rocks were ground into powder in a mortar and sieved with 0.149 mm sieves. Basic data, such as the sample components and collection locations, were previously reported [16] . Figure 1 shows that the reference samples were classified as igneous rock, sedimentary rock, metamorphic rock, and sediments. In this study, andesite (JA), basalt (JB), granodiorite (JG), gabbro (JGb), chert (JCh), slate (JSl), andosol (JSO), and stream sediment (JSd) were selected. "J" in these abbreviations denotes that these samples were collected in Japan. The silica oxide (SiO2) content and crystallinity of rock strongly influence Cs + adsorption behavior. Igneous rock and the other rock groups were further divided into two categories: before weathering and after weathering. 
Cesium Adsorption Experiments
Cs + aqueous solutions of 200 or 2000 mg/L were prepared from dissolving cesium chloride powder (Wako Pure Chemical Industries, Ltd., Osaka, Japan, Assay min. 99.0%) into deionized water. The particle diameter of all the mineral samples was less than 0.149 mm. The Cs + adsorption saturation time of the minerals in this study was 5 min for zeolites and 30 min for the other minerals. A Cs + solution of 50 mL and a mineral sample of 0.5 g were placed in a 200 mL polystyrene container and stirred for 2 h. Each sample solution was filtered through a 0.20-µm syringe filter, and the saturation quantities of adsorbed Cs + were determined on the basis of the Cs + concentration in the filtrates, as measured by inductively coupled plasma-mass spectrometry (ICP-MS, ELAN-DRCII, Perkin Elmer, Yokohama, Japan).
The adsorption tests with seawater were carried out using the commercial product Tetra Marin ® Salt Pro sea salt (Spectrum Brands Japan Co., Ltd., Yokohama, Japan). Cs + was added at a concentration of 200 ppm to seawater adjusted to a predetermined concentration (specific gravity 1.020-1.023, 1 L water, and 33 g sea salt). Cs + adsorption experiments on 0.5 g of the rocks were conducted with seawater using the procedure described in the cesium adsorption test using deionized water.
Solutions with coexisting ions, including potassium ions (K + ), magnesium ions (Mg 2+ ), calcium ions (Ca 2+ ), and barium ions (Ba 2+ ), with concentrations of 100 or 200 ppm, were prepared from potassium chloride, magnesium nitrate, calcium carbonate, and barium nitrate, respectively. The initial concentration of Cs + used in these adsorption tests was 200 ppm. Cs + adsorption experiments on 0.5 g of JB-1a and JSO-1 using solutions with coexisting ions were conducted using the procedure described in the cesium adsorption test, using deionized water.
The pH of the Cs + solution (200 ppm) was adjusted to 2, 4, 6, 8, 10, and 12 with hydrochloric acid or sodium hydroxide solution. Cesium adsorption experiments were conducted on JB-1a and JSO-1 (0.5 g) under various pH conditions using the procedure described in the cesium adsorption test using deionized water.
Cesium Desorption Experiments
Hydrochloric acid (HCl), diammonium hydrogen phosphate ((NH 4 ) 2 HPO 4 ), ammonium chloride (NH 4 Cl), ammonium fluoride (NH 4 F), ammonium oxalate ((NH 4 ) 2 C 2 O 4 ), and ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-2Na·2H 2 O) were used in the desorption tests. First, 50 mL of 0.1 mol/L solution of each reagent was added to a JB-1a sample with Cs + adsorbed at 2.01-2.94 mg/0.5 g, and the resultant solution was stirred for 2 h. Similar desorption tests were carried out after the adsorption tests.
Solutions with coexisting ions K + , Mg 2+ , Ca 2+ and Ba 2+ were prepared from potassium chloride, magnesium nitrate, calcium carbonate, and barium nitrate, respectively. Next, 50 mL of a solution with 200 ppm of each ion was added to JB-1a and JSO-1 samples with Cs + adsorbed at 1.9-2.5 mg/0.5 g and 2.5-2.7 mg/0.5 g, respectively. The resultant mixtures were stirred for 2 h. Cs + desorption experiments on 0.5 g of JB-1a and JSO-1 in the presence of the coexisting ions were conducted using the procedure described in cesium desorption test with ammonium salts.
Heat Treatment Experiments
The rock samples were calcined at 400, 600, 800, and 1000 • C, and Cs + adsorption experiments were conducted with the calcined samples. In addition, a desorption experiment using 0.1 mol/L hydrochloric acid on the calcined rock samples was carried out. The rock and solution ratios and the procedure after stirring were similar to those used in the adsorption experiments.
Calcined rocks were analyzed by X-ray diffraction (XRD, Ultima-IV, Rigaku, akishima, Japan), thermogravimetric and differential analysis (TG-DTA, 2000 SA, Bruker-AXS, Yokohama, Japan), and scanning electron microscopy (SEM, SU 8000, Hitachi, Minato, Japan).
Results and Discussion
Adsorption of Cs + onto Natural Japanese Rocks
The components and crystallinity of natural minerals differ based on the formation process of the mineral with ground heat and pressure [16] . The results of the Cs + adsorption tests indicate that Cs + was adsorbed onto the JA and JB group rocks (volcanic rock: merocrystalline). In contrast, Cs + was hardly adsorbed onto JG and JGb (plutonic rocks: holocrystalline). The adsorption quantities for Cs + onto plutonic rocks, which are highly crystalline, were substantially lower than the adsorption quantities onto the JA and JB groups, which are poorly crystalline (Table 1 and Figure 2) . Additionally, the high cesium adsorption ability of JSO was due to the corrosion product on the surface of JSO [1] . Cesium was adsorbed onto the adsorption sites on JSO and the surface hydroxyl groups of the corrosion product. 
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The components and crystallinity of natural minerals differ based on the formation process of the mineral with ground heat and pressure [16] . The results of the Cs + adsorption tests indicate that Cs + was adsorbed onto the JA and JB group rocks (volcanic rock: merocrystalline). In contrast, Cs + was hardly adsorbed onto JG and JGb (plutonic rocks: holocrystalline). The adsorption quantities for Cs + onto plutonic rocks, which are highly crystalline, were substantially lower than the adsorption quantities onto the JA and JB groups, which are poorly crystalline (Table 1 and Figure 2) . Additionally, the high cesium adsorption ability of JSO was due to the corrosion product on the surface of JSO [1] . Cesium was adsorbed onto the adsorption sites on JSO and the surface hydroxyl groups of the corrosion product. Water components in natural minerals are divided into H2O + (water in the crystal lattice) and H2O − (moisture content) [17] . The adsorption quantity of Cs + onto JA and JB groups differed with the collection location and the H2O + content [16] . The evaporation temperature of H2O − and H2O + range from room temperature to 105 °C and 105 to 950 °C, respectively [17] . Exchangeable cations are held between H2O + and H2O + in the soil layers. Therefore, the number of exchangeable cations increases with increasing H2O + content in the rocks. Figure 3 shows the variation in the ratio between the adsorbed quantity of Cs + and the H2O + content in the rock samples. The H2O + content in the rock samples was proportional to the adsorbed quantity of Cs + ions. However, the slopes of the two straight approximation lines differed according to the weathering condition of the rocks. This relationship is influenced by the leaching of cations as Water components in natural minerals are divided into H 2 O + (water in the crystal lattice) and H 2 O − (moisture content) [17] . The adsorption quantity of Cs + onto JA and JB groups differed with the collection location and the H 2 O + content [16] . The evaporation temperature of H 2 O − and H 2 O + range from room temperature to 105 • C and 105 to 950 • C, respectively [17] . Exchangeable cations are held between H 2 O + and H 2 O + in the soil layers. Therefore, the number of exchangeable cations increases with increasing H 2 O + content in the rocks. Figure 3 shows the variation in the ratio between the adsorbed quantity of Cs + and the H 2 O + content in the rock samples. The H 2 O + content in the rock samples was proportional to the adsorbed quantity of Cs + ions. However, the slopes of the two straight approximation lines differed according to the weathering condition of the rocks. This relationship is influenced by the leaching of cations as rocks weather in the natural environment [18] . In addition, Table 1 shows that the cation content ratios of Mg 2+ , Ca 2+ , Na + , and K + in the igneous rocks were relatively lower than those in the other rock groups, such as JSl, JCh, JSd, and JSO. Those cations elute from rock as weathering progresses. Therefore, cesium adsorption quantity for weathered rocks were higher than for the unweathered rocks.
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Adsorption of Cs + with Coexisting Ions
The adsorption quantity of Cs + onto JB-1a was low when divalent ions coexisted. In addition, the Cs + adsorption quantity decreased with increasing concentration of divalent ions (Figure 4 ). The surfaces of rocks are negatively charged by isomorphous replacement [20] [21] [22] . The adsorption affinity associated with the adsorption of divalent ions onto rock is higher than that associated with the adsorption of monovalent ions. Therefore, the observed inhibition of Cs + adsorption onto rock increased in the sequence K + < Ba 2+ ≈ Mg 2+ < Ca 2+ .
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Adsorption Behavior of Cs + with Seawater
Adsorption of Cs + with Coexisting Ions
The adsorption quantity of Cs + onto JB-1a was low when divalent ions coexisted. In addition, the Cs + adsorption quantity decreased with increasing concentration of divalent ions (Figure 4) . The surfaces of rocks are negatively charged by isomorphous replacement [20] [21] [22] . The adsorption affinity associated with the adsorption of divalent ions onto rock is higher than that associated with the adsorption of monovalent ions. Therefore, the observed inhibition of Cs + adsorption onto rock increased in the sequence K + < Ba 2+ ≈ Mg 2+ < Ca 2+ .
In contrast, Cs + adsorption onto JSO-1 was more affected by the concentration of coexisting ions than by their valence. Cs + adsorption characteristics of JB-1a and JSO-1 differed according to the cation type and concentration. Cs + adsorption in both JB-1a and JSO-1 was inhibited most effectively by Ca 2+ .
Technologies 
Adsorption Quantity of Cs + for pH Change
The adsorption quantity of Cs + onto JB-1a and JSO-1 increased with increasing pH ( Figure 5 ). In particular, the adsorption of Cs + onto JSO-1 increased approximately 2.7-fold as the conditions were adjusted from neutral to basic. The adsorption quantity of Cs + onto JSO-1 fluctuated dramatically when large quantities of corrosion products were present. The corrosion products include soil organic materials that exhibit a negative surface charge under basic pH conditions in aqueous solution [23, 24] . Therefore, the quantity of adsorbed Cs + on JSO increased with increasing pH. Figure 6 shows that desorption of Cs + varied with the type of salt and that the desorption ratio was highest in the case of ammonium salts. The ionic radius of exchangeable cations increases in the order Ca 2+ < Na + < K + < NH4 + < Cs + [25, 26] . The experimental results are likely attributable to a strong chemical attraction among NH4 + ions, whose ionic radii are essentially equal to those of Cs + ions. In addition, the desorption ratio of Cs + in the presence of EDTA was approximately 80%, which is attributed to the ion-coordinating ability of EDTA and the ion-exchange ability of Na + . Structure components, such as Al 3+ in JB-1a, can be dissolved by hydrochloric acid [10] . In this study, Cs + was easily desorbed from rock samples in H2O (desorption ratio 30%) and in hydrochloric acid 
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The adsorption quantity of Cs + onto JB-1a and JSO-1 increased with increasing pH ( Figure 5 ). In particular, the adsorption of Cs + onto JSO-1 increased approximately 2.7-fold as the conditions were adjusted from neutral to basic. The adsorption quantity of Cs + onto JSO-1 fluctuated dramatically when large quantities of corrosion products were present. The corrosion products include soil organic materials that exhibit a negative surface charge under basic pH conditions in aqueous solution [23, 24] . Therefore, the quantity of adsorbed Cs + on JSO increased with increasing pH. 
The adsorption quantity of Cs + onto JB-1a and JSO-1 increased with increasing pH ( Figure 5 ). In particular, the adsorption of Cs + onto JSO-1 increased approximately 2.7-fold as the conditions were adjusted from neutral to basic. The adsorption quantity of Cs + onto JSO-1 fluctuated dramatically when large quantities of corrosion products were present. The corrosion products include soil organic materials that exhibit a negative surface charge under basic pH conditions in aqueous solution [23, 24] . Therefore, the quantity of adsorbed Cs + on JSO increased with increasing pH. Figure 6 shows that desorption of Cs + varied with the type of salt and that the desorption ratio was highest in the case of ammonium salts. The ionic radius of exchangeable cations increases in the order Ca 2+ < Na + < K + < NH4 + < Cs + [25, 26] . The experimental results are likely attributable to a strong chemical attraction among NH4 + ions, whose ionic radii are essentially equal to those of Cs + ions. In addition, the desorption ratio of Cs + in the presence of EDTA was approximately 80%, which is attributed to the ion-coordinating ability of EDTA and the ion-exchange ability of Na + . Structure components, such as Al 3+ in JB-1a, can be dissolved by hydrochloric acid [10] . In this study, Cs + was easily desorbed from rock samples in H2O (desorption ratio 30%) and in hydrochloric acid 3.5. Desorption of Cs + from Natural Japanese Rocks Figure 6 shows that desorption of Cs + varied with the type of salt and that the desorption ratio was highest in the case of ammonium salts. The ionic radius of exchangeable cations increases in the order Ca 2+ < Na + < K + < NH 4 + < Cs + [25, 26] . The experimental results are likely attributable to a strong chemical attraction among NH 4 + ions, whose ionic radii are essentially equal to those of Cs + ions. In addition, the desorption ratio of Cs + in the presence of EDTA was approximately 80%, which is attributed to the ion-coordinating ability of EDTA and the ion-exchange ability of Na + . Structure components, such as Al 3+ in JB-1a, can be dissolved by hydrochloric acid [10] . In this study, Cs + was easily desorbed from rock samples in H 2 O (desorption ratio 30%) and in hydrochloric acid (desorption ratio 80%), due to the intentionally high concentrations of Cs + adsorbed onto the rock samples. The desorption of Cs + ions was reported to be difficult under conditions where the adsorbed quantity for Cs + onto the substrate was low, as is true for natural soil [20, 21] . In this work, however, we observed that high desorption ratios of Cs + were due to the large adsorbed quantity of Cs + .
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Desorption of Cs + with Coexisting Ions
The desorption of Cs + ions was reported to be difficult under conditions where the adsorbed quantity for Cs + onto the substrate was low, as is true for natural soil [20, 21] . In this work, however, we observed that high desorption ratios of Cs + were due to the large adsorbed quantity of Cs + . Figure 7 shows that the Cs + desorption ratio in the presence of other coexisting ions differed depending on the type of rock. We confirmed that desorption of Cs + from JB-1a using monovalent cations such as K + was easier than the desorption using divalent cations. Desorption from JSO-1 was more strongly influenced by Ba 2+ due to the ionic radius of Ba 2+ being similar to that of cesium [27] . We confirmed that K + most strongly promoted Cs + desorption from JSO-1 and JB-1a, respectively, in the presence of coexisting cations. Table 2 shows the influence of calcination temperature on the adsorption of Cs + onto the rock samples. The adsorption quantity for Cs + onto all rocks decreased with increasing calcination temperature. The adsorption quantity of Cs + onto rocks calcined at 1000 • C was limited to approximately 20% or less of the saturated adsorbent quantities in the absence of calcination. The adsorption quantities of Cs + onto all rocks calcined at 1100 • C were below the lower detection limit of the ICP-MS instrumentation. Table 2 . Adsorption ratio (%) for Cs + onto rocks (0.5 g) calcined at various temperatures, as calculated based on the Cs + adsorption quantities without calcination (Figure 2) . Dehydration, oxidation decomposition, oxidation, and melting events for each rock sample were detected by TG-DTA (Figure 8 ). These results indicate that structural changes, such as melting and decomposition, occur during heating, leading to a reduction in the soil interlayer distance by dehydration.
Effect of the Heat Treatment of Rocks
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Technologies 2018, 6, x FOR PEER REVIEW 8 of 12 Table 2 shows the influence of calcination temperature on the adsorption of Cs + onto the rock samples. The adsorption quantity for Cs + onto all rocks decreased with increasing calcination temperature. The adsorption quantity of Cs + onto rocks calcined at 1000 °C was limited to approximately 20% or less of the saturated adsorbent quantities in the absence of calcination. The adsorption quantities of Cs + onto all rocks calcined at 1100 °C were below the lower detection limit of the ICP-MS instrumentation. Table 2 . Adsorption ratio (%) for Cs + onto rocks (0.5 g) calcined at various temperatures, as calculated based on the Cs + adsorption quantities without calcination (Figure 2 Dehydration, oxidation decomposition, oxidation, and melting events for each rock sample were detected by TG-DTA (Figure 8 ). These results indicate that structural changes, such as melting and decomposition, occur during heating, leading to a reduction in the soil interlayer distance by dehydration. In addition, Figure 9 shows the XRD patterns for rock samples calcined at different temperatures. The diffraction peaks of the rock samples decreased in intensity with increasing calcination temperature. These results indicate that the skeleton structure of the rocks was destroyed by heat. In addition, Figure 9 shows the XRD patterns for rock samples calcined at different temperatures. The diffraction peaks of the rock samples decreased in intensity with increasing calcination temperature. These results indicate that the skeleton structure of the rocks was destroyed by heat. The effects of melting of the surfaces of the rock samples were observed by SEM ( Figure 10 ). The surfaces of rocks not subjected to calcination were uneven, as shown in Figure 10a ,c. The surface structure of the rocks calcined at 1000 °C became smooth. All rock samples were changing state due to heat. Therefore, the adsorption of Cs + onto the rocks was inhibited by a decrease in the number of adsorption sites upon heat treatment. The effects of melting of the surfaces of the rock samples were observed by SEM ( Figure 10 ). The surfaces of rocks not subjected to calcination were uneven, as shown in Figure 10a ,c. The surface structure of the rocks calcined at 1000 • C became smooth. All rock samples were changing state due to heat. Therefore, the adsorption of Cs + onto the rocks was inhibited by a decrease in the number of adsorption sites upon heat treatment. The effects of melting of the surfaces of the rock samples were observed by SEM ( Figure 10 ). The surfaces of rocks not subjected to calcination were uneven, as shown in Figure 10a ,c. The surface structure of the rocks calcined at 1000 °C became smooth. All rock samples were changing state due to heat. Therefore, the adsorption of Cs + onto the rocks was inhibited by a decrease in the number of adsorption sites upon heat treatment. Table 3 shows that the desorption quantity of Cs + from rocks tended to decrease with increasing calcination temperature. This result is related to changes in the skeletal structure and the Cs + adsorption behavior. The desorption of Cs + from, for example, soil interlayers and pores, would be inhibited by the melting rock surface. In particular, the inhibitory effect of Cs + desorption was high in cases where the rock was calcined at temperatures greater than at 1000 • C. Nevertheless, Cs + desorption from rock samples calcined at 400 and 600 • C occurred easily due to incomplete structural changes and because the cations were not trapped inside the rock. Consequently, heat treatments, similar to the calcination at 1000 • C described above, are expected to be used as the final disposal method for contaminated soil. Table 3 . Desorption ratio (wt %) of Cs + from the rocks (0.5 g) calcined at various temperatures, as calculated based on the Cs + adsorption quantities t without calcination (Figure 2 
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Conclusions
We confirmed that Cs + adsorption onto volcanic rocks (0.9-5.3 mg/g) occurred more easily than that onto plutonic rocks (0.7-0.8 mg/g). Adsorption quantity of Cs + onto rock samples increased with increasing exchangeable cation quantity in the solution and decreasing rock crystallinity. Cesium adsorption quantities for the before weathering rocks were higher than for the after weathering rocks. The adsorption quantity for Cs + onto all the rock samples decreased when seawater was used. The adsorption of Cs + was inhibited under adsorption experiments conducted with Ca 2+ ions coexisting in the solution. In addition, the adsorption quantity of Cs + onto JSO increased approximately 2.7-fold when the solution pH was changed from acidic to basic. We determined that the adsorption behavior in the case of JSO-1 was influenced by the pH-dependency of the corrosion product.
The desorption ratio of Cs + in the case of ion exchange with NH 4 + salts was relativity high.
The ionic radius of exchangeable cations occurs in the increasing order: Ca 2+ < Na + < K + < NH 4 + < Cs + .
Cesium desorption behavior with ammonium salts was attributable to a strong chemical attraction among NH 4 + , whose ionic radius is substantially equal to that of a Cs + ion. Desorption behavior with coexisting ions was related to the valence and radius of the ions. The quantity of Cs + adsorbed onto and desorbed from all the rock samples decreased with increasing rock calcination temperature. The results were influenced by the melting of the rock surface, which decreased the number of available adsorption sites.
In this study, we confirmed that the cesium adsorption and desorption characteristics were changed by the major constituent elements in the natural Japanese rocks and the condition of the reaction solution (seawater, coexisting ions, and pH). These characteristics of rock in natural environments are influenced by many factors, such as structure, weathering condition, exchangeable cations, and pH. This research result, using natural Japanese rocks with well-known components, is expected to help elucidate and simplify the cesium adsorption/desorption characteristics for contaminated soil. Additionally, we were able to control the cesium adsorption and desorption with the calcination of rocks. 
